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Genetic disorders involving the skeletal system arise through 
disturbances in the complex processes of skeletal development, 
growth and homeostasis and remain a diagnostic challenge 
because of their variety. The Nosology and Classification of 
Genetic Skeletal Disorders provides an overview of recognized 
diagnostic entities and groups them by clinical and radiographic 
features and molecular pathogenesis. The aim is to provide the 
Genetics, Pediatrics and Radiology community with a list of 
recognized genetic skeletal disorders that can be of help in the 
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diagnosis of individual cases, in the delineation of novel disor- 
ders, and in building bridges between clinicians and scientists 
interested in skeletal biology. In the 2010 revision, 456 condi- 
tions were included and placed in 40 groups defined by molecu- 
lar, biochemical, and/or radiographic criteria. Of these 
conditions, 316 were associated with mutations in one or more 
of 226 different genes, ranging from common, recurrent muta- 
tions to "private" found in single families or individuals. Thus, 
the Nosology is a hybrid between a list of clinically defined 
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disorders, waiting for molecular clarification, and an annotated 
database documenting the phenotypic spectrum produced by 
mutations in a given gene. The Nosology should be useful for the 
diagnosis of patients with genetic skeletal diseases, particularly 
in view of the information flood expected with the novel se- 
quencing technologies; in the delineation of clinical entities and 
novel disorders, by providing an overview of established noso- 
logic entities; and for scientists looking for the clinical correlates 
of genes, proteins and pathways involved in skeletal biology. 

© 2011 Wiley-Liss, Inc. 

Key words: skeletal genetics; osteochondrodysplasias; nosology; 
dysostoses; molecular basis of disease 

INTRODUCTION 

In the 1960s, accumulating evidence that genetic skeletal disorders 
were clinically and genetically heterogeneous prompted a group of 
international experts to prepare a document to reach an agreement 
on the nomenclature of what was then called "constitutional (or 
intrinsic) disorders of bone" [1970, 1971a,b,c,d; McKusick and 
Scott, 1971]. The "Nomenclature" was meant to bring together 
experts in radiology, clinical genetics, and pediatrics to agree on the 
denomination and classification of skeletal disorders, syndromes 
and metabolic diseases that were being newly described. Revisions 
have been prepared in 1977, 1983, 1992, and 1997 [1978, 1979, 1983, 
1998, Rimoin, 1979; Spranger, 1992; Lachman, 1998]. Following 
the establishment of the International Skeletal Dysplasia Society 
(ISDS) in 1999, and to cope with the increasing complexity of 
information, revisions of the Nosology have been delegated to an 
expert group nominated ad hoc within the ISDS to ensure an 
adequate representation of clinical, radiological and molecular 
expertise (2001 and 2006 revisions) [Hall, 2002; Superti-Furga and 
Unger, 2007]. 

METHODS 

The Nosology Group of the International Skeletal Dysplasia Society 
met in August 2009. A consensus was reached for changes to be 
made to the grouping of disorders and about the inclusion of 
individual disorders. The drafts were circulated after the meeting 
and an effort was made to monitor recent publications up to 
November 2010. The criteria used for inclusion of individual 
disorders were unchanged from the previous revision. They were: 

(1) Significant skeletal involvement, corresponding to the defini- 
tion of skeletal dysplasias, metabolic bone disorders, dysos- 
toses, and skeletal malformation and/or reduction syndromes. 

(2) Publication and/or listing in MIM (meaning that observations 
should not find their way into the Nosology before they achieve 
peer-reviewed publication status). 

(3) Genetic basis proven by pedigree or very likely based on 
homogeneity of phenotype in unrelated families. 

(4) Nosologic autonomy confirmed by molecular or linkage anal- 
ysis and/or by the presence of distinctive diagnostic features 
and of observation in multiple individuals or families. 



RESULTS 

Four hundred fifty- six different conditions were included and 
placed in 40 groups defined by molecular, biochemical and/or 
radiographic criteria. Of these conditions, 316 (2006 revision: 215) 
were associated with one or more of 226 (2006 revision: 140) 
different genes. The results are presented in Table I. Within a 
group, disorders with known molecular basis have been listed 
preceding those with lesser degree of evidence; however, variants 
of the same disorder have been kept together. 

The organization of groups has been further changed in com- 
parison to the 2006 version. Two new groups based on a common 
affected molecule or biochemical pathway have been created 
(TRPV4 group and Aggrecan group). The TRPV4 group includes 
disorders that are relatively common and that constitute a new 
prototypic spectrum ranging from mild to lethal. Aggrecan is one of 
the important structural molecules in cartilage and it would not be 
surprising if more disorders would find their way into this group in 
the future. Thus, groups 1—8 are based on a common underlying 
gene or pathway. 

Groups 9—17 are based on the localization of radiographic 
changes to specific bone structures (vertebrae, epiphyses, meta- 
physes, diaphysis, or combination thereof) or of the involved 
segment (rhizo, meso, or aero). Groups 18—20 are defined by 
macroscopic criteria in combination with clinical features (bent 
bones, slender bones, presence of multiple dislocations). Groups 
21—25 and 28 take into account features of mineralization 
(increased or reduced bone density, impaired mineralization, 
stippling, osteolysis). Group 27 encompasses the large group of 
lysosomal disorders with skeletal involvement. Group 29 comprises 
disorders with so-called abnormal (previously "anarchic") devel- 
opment of skeletal components such as exostoses, eenhondromas, 
and ectopic calcification. It is particularly heterogeneous and may 
need to be revised in the future with the help of newer molecular 
data. 

Group 23, comprising the osteopetrosis (OP) variants and 
related disorders, has been expanded following the identification 
of distinct genetic defects in various variants of osteopetrosis. The 
diversity of molecular mechanisms involved and the presence of 
clinical, biochemical and/or histologic features that distinguish 
between the various OP forms justify the subdivision of the "OP 
phenotype" in the many subtypes. 

Group 25 (Osteogenesis Imperfecta and decreased bone density 
group) has had special attention. The Sillence classification, pub- 
lished 30 years ago, provided a first systematic clinical classification 
and made correlations to the inheritance pattern of individual 
clinical types [Sillence and Rimoin, 1978; Sillence et al, 1979a,b]. 
Today, a surprising genetic complexity of the molecular bases of OI 
has been revealed, and at the same time the extensive phenotypic 
variation arising from single loci has been documented clearly. It 
seemed therefore untenable to try and maintain tight correlations 
between "Sillence types" and their molecular basis. It was agreed 
upon to retain the Sillence classification as the prototypic and 
universally accepted way to classify the degree of severity in OI; and 
to free the Sillence classification from any direct molecular refer- 
ence. Thus, the many genes that may cause osteogenesis imperfecta 
have been listed separately. The proliferation of "OI types" to reflect 
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each gene separately, advocated by some scholars, is more confusing 
than helpful in clinical practice. 

Group 26 has seen the identification of several novel molecular 
mechanisms leading to hypophosphatemic rickets. 

In Group 29 (Disorganized Development of Skeletal Com- 
ponents), neurofibromatosis type 1 has been included following 
the points made by Stevenson and others that although the main 
clinical features of NF1 are neurologic and cutaneous, the skeletal 
features are frequent, diagnostically helpful and clinically relevant 
[Stevenson et al., 2007]. 

Groups 30 (Overgrowth syndromes with significant skeletal 
involvement) and Group 31 (Genetic inflammatory/rheumatoid- 
like osteoarthropathies) have been newly added. Group 30 com- 
prises disorders that present as overgrowth syndromes and have a 
significant skeletal component that is part of the diagnostic criteria 
for a specific condition. One condition has been tentatively includ- 
ed because of its conspicuous skeletal features [Nishimura et al., 
2004; Schmidt et al, 2007]; however this condition remains in- 
completely delineated. Group 3 1 includes disorders with features of 
inflammation and skeletal involvement. The creation of these two 
groups has been suggested by the frequent diagnostic overlap 
between these disorders and primary skeletal disorders as well as 
by the identification of the genetic basis of such disorders in recent 
years, allowing for a more precise delineation of the phenotypes. 

Finally, groups 32—40 are dedicated to the dysostoses and 
follow again anatomical criteria (cranium, face, axial skeleton, 
extremities) with additional criteria reflecting principles of embry- 
onic development such as limb reduction or hypoplasia (proximal- 
distal growth) versus terminal differentiation and patterning of the 
digits or joint formation. These groups have seen a marked increase 
in conditions with identified molecular bases and there are in- 
dications of a much larger heterogeneity yet. 

A single group, the Brachyolmias (formerly group 13), has been 
deleted. Following the inclusion of dominant brachyolmia in the 
TRPV4 group, the few remaining short-trunk disorders have been 
incorporated in the SED group. 

DISCUSSION 
Why "Groups"? 

The assignment of individual disorders into groups has been 
practiced since the first versions of the "Nomenclature." At that 
time, with little biochemical or molecular information available, the 
grouping of disorders reflected the belief that disorders with similar 
phenotypic features (e.g., dysostosis multiplex) might be caused by 
disturbances in related metabolic pathways or gene networks (in the 
case of dysostosis multiplex, lysosomal degradation). This notion 
has been confirmed by the identification of biochemically related 
groups, such as those of mineralization disorders or lysosomal 
disorders, and of genetic families such as the collagen 2 family, the 
FGFR3 family, and the DTDST family. The grouping of disorders is 
necessary because of the sheer number of conditions included, and 
can be helpful in making a differential diagnosis based on the main 
phenotypic findings, for example, in the mesomelic dysplasias or in 
chondrodysplasia punctata. Some groups are still defined by com- 
mon radiographic features or by anatomical site involved. More- 



over, the nosology committee recognizes that some readers may 
disagree with our placement of a clinical entity into one group, 
when it may fit equally well in another group. 

Which Classification Criteria to Use? 

Criticism to the previous versions of the Nosology has focused on its 
"hybrid" nature, in the sense that it does not stick to a single 
systematic approach, be it clinical or molecular. This hybrid nature 
is intrinsic to the process of unraveling the underlying bases of 
skeletal diseases; disorders are classified on phenotypic similarities 
first, and as their molecular bases become understood they may be 
reclassified based on the gene or pathway that is abnormal. The first 
aim of the Nosology is to provide a reference list, and only 
secondarily to help in the diagnostic process. It must therefore 
coexist with other classifications that are based either on the clinical 
and radiographic approach to diagnosis, or the affected molecular 
systems and pathways. As more and more resources are published 
on the World Wide Web, crosslinking between classifications and 
databases may facilitate their simultaneous use. 

Although care has been given to apply the inclusion criteria 
uniformly, there are disorders without proven molecular or bio- 
chemical defect for which inclusion in the Nosology as distinct 
entities seem somewhat arbitrary. For these disorders, discussion 
within the Nosology group, where individual opinions can be 
harmonized and, if needed, corrected by the collective expertise, 
is of great importance. Moreover, there are disorders listed in MIM 
that have not met our inclusion criteria, in most instances because 
of too few observations or because of the lack of features allowing 
clear diagnostic distinction from other disorders. It is likely that 
additional observations or the demonstration of a distinct molec- 
ular basis will allow for the inclusion of many of these disorders in 
the future, either as separate entities or as "variants" of already 
existing ones. 

Dysplasias Versus Dysostoses 

Dysostoses are disorders affecting individual bones or group of 
bones. In contrast to the "dysplasias," that arise frequently from 
defects in structural proteins, metabolic processes or in growth 
plate regulation, the dysostoses often arise from embryonic mor- 
phogenic defects and are thus more closely related to multiple 
malformation syndromes. Since the first inclusion of dysostoses in 
the 2001 revision, the number of "dysostoses" included in the 
Nosology has grown significantly. The present revision includes an 
even larger number of dysostoses reflecting the advances made in 
identifying their molecular basis. The boundaries between skeletal 
dysplasias and dysostoses, metabolic and molecular disorders, and 
multiple congenital anomalies syndromes is becoming progressive- 
ly less sharp, and the diagnostic process requires knowledge that 
crosses between these subspecialty areas; the group of (cranio- 
) frontonasal disorders and the Franck— ter Haar syndrome can be 
cited as examples. The MIM catalogue contains many more entries, 
such as multiple malformation syndromes, that have some degree 
of skeletal involvement. Emphasis has been given to syndromes in 
which the skeletal component is prominent and/or essential to the 
diagnosis. 
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OMIM and the Nosology 

Because of the importance of consistency between parallel data- 
bases, the relationship between the Nosology and the OMIM 
database has been reviewed. The more comprehensive nature of 
the data collection and filing in MIM and the different nature of its 
revision process can lead to a divergence between the inclusion of 
nosologic entities and their denomination. Thus, MIM is in general 
more appositional, while the Nosology tries to do some 
"housekeeping" of entities by regrouping them and by eliminating 
those that have been incorporated into others. Efforts to made to 
harmonize the MIM and the Nosology are underway. 

Outlook 

The increasing availability of massive parallel sequencing and other 
new sequencing technologies will likely result in a rapid identifica- 
tion of novel disease-causing genes, but also in novel phenotypes 
associated with mutations in genes already linked to other pheno- 
types. In the near future, the catalog of skeletal phenotypes with a 
genetic basis may become so large as to surpass the scope of a 
"Nosology" as we understand it presently, and the Nosology will 
transform into an annotated database. 

Even in that case, the many revisions of the Nosology will 
hopefully have paved the way by setting standards for the recogni- 
tion and definition of skeletal phenotypes. Past versions of the 
Nosology have been translated in different languages and have 
found their way into textbooks of pediatrics and genetics. At 
present, the Nosology may help the clinician who is struggling for 
a diagnosis, by providing a simple listing of disorders grouped by 
cardinal features. The Nosology offers a quick reminder of the many 
differential diagnoses for one given disorder. As an expert-reviewed 
list of currently recognized disorders, the Nosology also constitutes 
a standard against which a possible "new" disorder should be 
compared. Finally, the Nosology offers a catalogue of genes in- 
volved in skeletal development and homeostasis that will be of 
interest and of inspiration to all those who are working in skeletal 
biology and medicine. 
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